Based on Mie scattering and Monte Carlo ray tracing method, the transmission process of light in the remote phosphor film is described and the optical model of red and green laminated phosphor films is constructed. The photochromic properties of the phosphor films were studied by TM-30-15 method proposed by the North American Lighting Association. The investigation discloses that the normalized cross correlation of single-layer phosphor film spectral power distribution between the simulation and experimental results is about 99%, and the deviation of color coordinates is within 0.01. Based on the monochrome phosphor optical model, we establish bicolor optical model of red and green laminated phosphor film layers to form white light and can predict its color performance. The experimental results show that the normalized cross correlation of laminated phosphor film spectral power distribution between the simulation and experiment is about 97%, and the optical model of red and green laminated phosphor film can accurately predict the index R f and R g . When the red and green phosphor mass ratio is 0.05:0.5, the simulated color is optimal, R f reaches 90, and R g reaches 100, whose corresponding experimental values are R f =90, R g =101.
Introduction
White light-emitting diodes (WLEDs) have been widely accepted due to, but not limited to, their energy saving, environmental protection, safety, and reliability [1, 2] . However, the LED light is not natural light which usually has low color quality and makes us uncomfortable. High-lightefficiency but low-color-quality WLEDs usually dissatisfy people's needs, and traditional blue light exciting yellow phosphors lack red spectrum, which has low color rendering performance. At present, the red-green phosphor excited by blue LED can significantly improve its spectral saturation and color performance [3, 4] , but the process of designing red, green, and blue color requires a lot of experiment and is timeconsuming. In view of these, we intend to predict WLED's color performance by constructing red and green laminated remote phosphor film model to achieve high-color rendering white LED efficiently. On the one hand, remote phosphor films applied to white LEDs can keep them away from the heat source of the chip and improve the reliability of the phosphor; on the other hand, it can improve the color uniformity of the white LED, and the laminated remote film can effectively avoid the reabsorption effect between the red and green film.
Due to the inadequate set of color samples, the traditional color rendering index (CRI) sometimes yields inaccurate predictions of color fidelity [5, 6] . The Illuminating Engineering Society (IES) recently developed the IES TM-30-15 method. Compared with CRI, TM-30-15 has a set of 99 real-world color samples and the color space is more uniform [7] ; it takes color fidelity (R f ) and color gamut (R g ) to quantify the color rendering performance. The index R f , similar to the CRI R a index, is a numerical measure describing color fidelity that the similarity of colors rendered by the test source and reference illuminant. If no color shift occurs, R f will get a maximum score of 100. Meanwhile, R g is a color gamut measure for assessing the variation in the chroma of illuminated objects, and if there is no variation in chroma, R g will get a score of 100. At present, CRI is always used to evaluate the color performance of WLED and the optimal spectra of WLED is usually obtained by a program for maximizing LER under conditions of CRI above high values [8] [9] [10] [11] . However, these studies lack experimental data to validate their models and few people take TM-30-15 method to evaluate and optimize WLED's color performance. In this paper, we will introduce the optical models of red and green phosphors films based on Mie scattering [12, 13] and Monte Carlo ray tracing [14, 15] that can simulate the color performance of WLED at different phosphor concentrations, evaluate the simulated spectrum by TM-30-15 method, and then validate it by experiments.
Experiments
To fabricate phosphor films, red or green phosphor (made by Hilde) was mixed with silicone (made by KMT) and its refractive index is 1.41. The peak values of emission spectrum of red and green phosphor are 655nm and 535nm. The mixture was dispersed on a 0.2 mm thick metal spacer. In order to control the thickness of the phosphor film, another metal slide of the same size was pressed on the spacer. After curing for 1 hour, the two metal slides were removed, giving the phosphor film and taking out 10 mm diameter films with different concentrations. The PMS-80 visible light spectrum analysis system of Yuanfang Optoelectronics was used to test the color parameters of white LEDs, and Malvern's NANO-ZS laser particle size analyzer was used to analyze the particle size distribution of phosphors. These tests were carried out at room temperature.
Models and Results
. . Chip-on-Board Light Source. The blue LED chip is the illuminating center of the chip-on-board (COB) light source and its dimensions were 0.36mm × 0.71mm × 0.11mm. The chip used in the experiment is a horizontal structure and the blue light is randomly emitted from the surface of the active layer. As is shown in Figure 1 (a), the main structure is simplified: P-layer (P-GaN), Active layers (MQWs), N-layer (N-GaN), Sapphire (Al2O3) layers.
The material parameters of each layer are shown in Table 1 . Figure 1 (b) is a schematic diagram showing the arrangement of six blue LED chips on the substrate to form a COB light source. Based on the material parameters of each layer, the Monte Carlo ray tracing method is used to simulate the light source illumination, and the light intensity distribution of simulation and experimental comparison are shown in Figure 2 . Figure 2 shows that the light intensity distribution is consistent with the Lambertian distribution:
where the is the normal light intensity and is the angle between the light and the normal.
The fitness between the simulation and the experiment was analyzed by the normalized cross correlation (NCC). The NCC is given by the following.
The ( ) and ( ) are the simulated and the experimental light intensity value at the ray angle , and and were the average value of ( ) and ( ) , respectively. When the NCC value is closer to 1, the fitness between the simulation and experiment is higher. The calculated NCC value of light intensity distribution of experiment and simulation reaches 99.72%, which indicates that the constructed optical model can accurately describe the light intensity distribution of the actual light source. According to the NCC formula, the correlation coefficient of the spectral distribution of the COB source of the simulation and experiment reaches 99.91%, indicating two spectral curves fit well and the simulated color coordinates (0.1521, 0.0282) are very close to the experimental color coordinates (0.1522, 0.0281).
. . Phosphor Model Based on Mie eory.
For a single phosphor particle, the scattering behavior can be described by Mie scattering. When the intensity is and the nonpolarized light of wavelength is illuminated, the scattering light intensity at the scattering angle can be shown as follows [16] [17] [18] 
where 1 and 2 are the scattering amplitude functions and is the wave number. The scattering cross section, the extinction cross section, and the absorption cross section of the single particle can be expressed as follows.
When a plurality of phosphor particles is aggregated, the scattering and absorption can be expressed as follows.
The , , and are the absorption coefficient, the scattering coefficient, and the extinction coefficient, respectively, and N is the number of particles of per unit volume. The calculation of the particle concentration N is based on the measured particle size as shown in Figure 4 (D50=17.2 m for green phosphor, D50=7.6 m for red phosphor) and is calculated according to the following formula:
where d 1 , d 2 ⋅ ⋅ ⋅ d n are the particle diameters of the phosphors and P 1 , P 2 ⋅ ⋅ ⋅ P n are the volume distributions of the corresponding particle diameters, respectively.
. . Monolayer Phosphor Films Models. Figure 11 shows the light propagation in phosphor films and describes several phenomena occurring in monochrome layers which include two processes: The first process is the emission and transmission of blue excitation light. A part of the blue light is absorbed by the phosphor film, and another part of the blue light scatters and penetrates in the phosphor film layer. The second process is based on the blue light absorbed by the film layer of the first process to emit long-wavelength green light or red light and the absorbed energy intensity can be calculated by the following. E x ( ) and E m ( ) are the excitation and emission spectrum of phosphors, which are measured by experiment (see Figure 5 ). Figure 6 shows the phosphor film placed on the blue light COB source by an experimental frame, which is a hollow cylinder with a height of 4 mm and a radius of 25 mm and the surface was painted black. Figure 7 shows the prepared green films. Based on the above optical model, the green phosphor films with a mass ratio of phosphor and silicone of 0.4:1, 0.5:1, 0.6:1, and 0.7:1 were spectrally simulated and the results are shown in Figure 8 .
According to the simulation and experiments, the simulated results agree well with the experimental spectral distribution, and the correlation coefficient reaches 99%. Table 2 shows the relevant color coordinates calculated by corresponding spectrum.
Comparing the results of simulated and experimental color coordinates, we find that the error of the chromaticity coordinates of different concentration between simulation and experimental simulation is within 0.01, indicating that the green phosphor film optical model is established successfully.
The optical model of red phosphor film was established in the same way of the above-mentioned green phosphor film models. Red films with a mass ratio of 0.05:1, 0.1:1, 0.15:1, and 0.2:1 were prepared (see Figure 9 ). Figure 10 shows the simulation of the different phosphor concentrations which is consistent with the experimental spectrum, and the correlation coefficients are all above 99%. According to its spectral distribution, its corresponding color coordinates are calculated, as shown in Table 3 . Compared with the color coordinate results of simulation and experiment, the deviation of the chromaticity coordinates of different concentration between simulation and experimental simulation is within 0.01 indicating that the red phosphor film optical model is reasonable.
. . Double-Layer Phosphor Films. Based on the above optical model of red-green single-layer phosphor films, we established an optical model of red-green laminated phosphor film. Experiments and simulation were carried out by putting green phosphor film on the red phosphor film to alleviate reabsorption of green light.
As shown in Figure 11 , the light propagation in the doublelayer phosphor films is described with four processes: the first process is that the blue LED emits blue light into the red and green phosphor film layers, some of the blue light is absorbed by the red and green phosphors, and the remaining blue light is scattered or penetrated out of the film layer; the second process is based on the blue light absorbed by the first process to excite red phosphor to emit red light; the third process is based on the blue light absorbed by the first process to emit green light, and part of the green light will be scattered and penetrated in the film layer, while another part of the green light will be absorbed by the red phosphor; the fourth process is based on the green light absorbed by the red phosphor in the third process, and the red light will be scattered and penetrated in the film layer.
In order to obtain the white light efficiently, the color distribution of different concentrations of red and green laminated remote phosphor films excited by blue light was analyzed by experiments. Figure 12 shows the color coordinates distribution of above green films with different concentrations of red films with a mass ratio of phosphor and silicone of 0.05:1, 0.10:1, 0.15:1, and 0.20:1.
When the mass ratio of red phosphor film is 0.05:1, any of the above-mentioned green phosphor films excited by blue light combining with it will emit white light and the chromaticity coordinates are close to the black body line. When any other concentration of red phosphor films combines with green phosphor films, it will emit reddish 6 Advances in Condensed Matter Physics light and the chromaticity coordinates are far away from the black body line. Therefore, we selected a red phosphor film with a mass ratio of phosphor and silicone of 0.05:1 with different concentrations of green phosphor films to do simulation. Figure 13 is a comparison of the spectral simulation and experimental comparison of the red-green laminated phosphor films with the red-green mass ratios of phosphor and silicone of 0.05:0.4, 0.05:0.5, 0.05:0.6, and 0.05:07, respectively. Figure 13 shows the comparison of the simulated and experimented spectral power distribution, and the correlation coefficient NCC reaches 97%, which indicates the established optical model of laminated phosphor films is meaningful. The possible error of simulation may be due to reabsorption of the green lights by the red phosphor. Figure 14 shows the comparison of the simulated and measured values of CRI and R f . The maximum simulated value of CRI reaches 96 while the experimental result is 98 at the concentration ratio of 0.05:0.5. Due to the rigorous principle of TM-30-15, the R f values can be lower than CRI and the simulated result reaches 90 while the experimental value reaches 92 at the concentration ratio of 0.05:0.5. Figure 15 shows the errors between the simulated and experimental values. The maximum error of CRI between the simulated and measured values reaches 4, when the R f value of the maximum error reaches 2, which demonstrates that the established models predict the R f values more precisely than CRI values. Figure 16 shows the comparison of the simulated and measured values of R f and R g based on the TM-30-15 method and the simulated results of R f and R g fit the measured values well, which demonstrates the established models can predict the spectrum of phosphor coated WLED and the R f and R g values can be calculated precisely according to the simulated spectrum. When the mass ratio of red and green phosphor is 0.05:0.5, the simulation result is optimal and R f =90, R g =101.
Conclusions
This study established the optical models of single-layer phosphor films based on Mie scattering theory and simulated the photoluminescence process of phosphor films based on Monte Carlo ray tracing method, and the correlation coefficient NCC of calculated and measured SPD reaches 99%, which indicates that the simulation results fit well with the experiments. Based on the models of monochrome phosphor films, we established the models of red and green laminated phosphor films and the correlation coefficient NCC between the simulated and experimental results reaches 97%, which demonstrates that the established model is reasonable. Then we use the more scientific and rigorous TM-30-15 color evaluation method compared with CRI to evaluate the color performance, and the simulated results well match the experimental results. Since the TM-30-15 has more color samples than CRI, we find that the established models predict more precisely R f values than CRI values and the established optical model of red-green laminated remote phosphor films can accurately predict R f and R g values based on TM-30-15 method. When the mass ratio of red and green phosphor is 0.05:0.5, the simulation result is optimal and R f =90, R g =101. Through this research, we can predict the color performance of WLED and improve the design efficiency of WLED.
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